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The pathophysiology underlying tinnitus, a hearing disorder characterized by the chronic
perception of phantom sound, has been related to aberrant plastic reorganization of the
central auditory system. More speciﬁcally, tinnitus is thought to involve changes in the
tonotopic representation of sound. In the present study we used high-resolution functional
magnetic resonance imaging to determine tonotopic maps in the auditory cortex of 20
patientswith tinnitus but otherwise near-normal hearing, and compared these to equivalent
outcomes from 20 healthy controls with matched hearing thresholds. Using a dedicated
experimental paradigm and data-driven analysis techniques, multiple tonotopic gradients
could be robustly distinguished in both hemispheres, arranged in a pattern consistent
with previous ﬁndings. Yet, maps were not found to signiﬁcantly differ between the two
groups in any way. In particular, we found no evidence for an overrepresentation of high
sound frequencies, matching the tinnitus pitch. A signiﬁcant difference in evoked response
magnitude was found near the low-frequency tonotopic endpoint on the lateral extreme of
left Heschl’s gyrus. Our results suggest that macroscopic tonotopic reorganization in the
auditory cortex is not required for the emergence of tinnitus, and is not typical for tinnitus
that accompanies normal hearing to mild hearing loss.
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INTRODUCTION
Subjective tinnitus is a prevalent and presently incurable hearing
disorder that is characterized by the perception of sound in the
absence of an identiﬁable sound source. Many people have expe-
rienced ephemeral episodes of tinnitus at some point in their life
without permanent consequences. However, persisting tinnitus
may have a debilitating effect on an individual’s state and func-
tioning, leading many chronic tinnitus patients to seek medical
attention.
In spite of a growingly useful body of behavioral and neu-
rophysiological research in humans and animals, the patho-
physiological mechanism that causes tinnitus still remains to
be elucidated (Baguley, 2002; Eggermont, 2007a; Møller, 2007a;
Rauschecker et al., 2010; Roberts et al., 2010; Kaltenbach, 2011).
An important clue lies in the observation that the perceived tinni-
tus pitch often coincides with frequency regions in which hearing
thresholds are found to be elevated. It is still debated whether
tinnitus is most closely associated with the frequency range that
covers the hearing loss (Noreña et al., 2002; Roberts et al., 2008) or
with the edge-frequency where the audiogram is steepest (König
et al., 2006;Moore andVinay,2010), but in either case the existence
of the association suggests some causal relationship.
Tinnitus is not generated in the ear itself. Presumably, hear-
ing loss results in the sensory deprivation of neural assemblies
that are tuned to the affected frequencies, providing an incentive
for plasticity to occur. In an effort to upregulate their reduced
activity back to normal levels, neurons may change the strength
of existing connections or develop new connections. If, through
homeostatic plasticity (Burrone and Murthy, 2003), all excitatory
synapses are strengthened or all inhibitory synapses are weakened
in unison, then neurons may become more susceptible to be acti-
vated in response to low incoming levels of spontaneous activity
already (Schaette and Kempter, 2006; Noreña, 2011). Alternatively,
if inputs from unaffected frequencies are strengthened (or newly
grown) and inputs from frequencies with hearing loss are sup-
pressed (or pruned altogether), then a large body of neurons
may end up responding to the same limited amount of sensory
input, thus enhancing neural synchronicity across the population
(Eggermont, 2007b). In the healthy auditory system, spontaneous
activity is ubiquitously present, but it tends to be relatively weak
and incoherent. Elevated levels of neural activity and synchronic-
ity normally only occur in the presence of a driving stimulus, i.e.,
a sound source. Therefore, if the spontaneous activity or syn-
chronicity is elevated as a result of functional changes that are
induced by hearing loss, this can be perceived as the presence of
a phantom sound percept in the absence of a true sound source
(Dominguez et al., 2006; Chrostowski et al., 2011).
Research in animals as well as humans supports the theory
that tinnitus is a side effect of plastic reorganization in the central
auditory system. Some studies suggest that homeostatic mech-
anisms play a dominant role. In rats that developed behavioral
signs of high-frequency tinnitus after exposure to loud noise,
down-regulation of inhibitory synapses was observed in neu-
rons that were tuned to high frequencies (Yang et al., 2011). In
humans with tinnitus, auditory brainstem responses that origi-
nated from the periphery were found to be reduced, but those
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from more central levels had recovered to normal levels, suggest-
ing an increase in neural gain (Schaette and McAlpine, 2011).
At the same time, abnormalities in the tonotopic organization of
the auditory cortex have been observed that are consistent with
an enlarged representation of sensory input from edge-frequency
regions. In various animal studies, neurons that were expected
to be tuned to sound frequencies coinciding with the tinnitus
pitch on the basis of their location in the tonotopic representation
were found to display shifts in characteristic frequency (Rajan and
Irvine, 1998; Noreña et al., 2003; Stolzberg et al., 2011). Signs of
tinnitus disappeared when the representation was restored, sug-
gesting that the map reorganization is responsible for the tinnitus
(Engineer et al., 2011). In humans, magnetoencephalography was
used to show deviant spatial source localization of frequency-
dependent responses in tinnitus patients as compared to controls
(Mühlnickel et al., 1998; Wienbruch et al., 2006). Finally, a num-
ber of therapeutical strategies that speciﬁcally aim to reestablish
the tonotopic representation have been reported to be successful
in suppressing tinnitus in humans (Herraiz et al., 2007; Pineda
et al., 2008), providing indirect evidence for the importance of
tonotopic reorganizations in tinnitus.
Unfortunately, the tonotopic organization in humans is still
poorly understood even for normal-hearing subjects. Many stud-
ies have consistently shown that low sound frequencies are
represented in the distal end of Heschl’s gyrus, anterolateral to
the high frequencies, which are represented in the proximal root
of Heschl’s gyrus (Romani et al., 1982; Lauter et al., 1985; Pan-
tev et al., 1989; Wessinger et al., 1997). However, this ignores the
existence of multiple functional ﬁelds in auditory cortex, many of
which may display distinct tonotopic maps. In the last decade,
research has started to differentiate between multiple abutting
representations in much more detail. Initial results were ground-
breaking but appeared somewhat contradictory (Formisano et al.,
2003; Talavage et al., 2004). In the last couple of years, however,
various studies were published that were in excellent agreement
(Woods et al., 2009; Humphries et al., 2010; Da Costa et al., 2011;
Langers and van Dijk, 2011; Striem-Amit et al., 2011). Encour-
aged by these developments, the present study was set up to map
the tonotopic representation in tinnitus patients in similar detail.
Because we were interested in effects related to tinnitus specif-
ically, we extended our own recent ﬁndings to include patients
with tinnitus but otherwise normal hearing.
MATERIALS AND METHODS
SUBJECTS
Twenty healthy controls and 20 chronic subjective tinnitus patients
participated in this functionalmagnetic resonance imaging (fMRI)
study on the basis of written informed consent, in approved accor-
dance with the requirements of the medical ethical committee
at the University Medical Center Groningen in the Netherlands.
Subjects were recruited from the hospital’s tinnitus outpatient
clinic (for the patient group) as well as from advertisements
in various media (for the control and patient groups). They
reported no history of neurological or psychiatric disorders. The
patients were not undergoing tinnitus treatment at the time of
the study. Table 1 summarizes the subjects’ gender, handedness,
and age.
Except for the presence of tinnitus in the patient group, all
subjects were selected to have normal or near-normal hearing
up to 8 kHz. Thresholds were determined in a frequency range
of 0.25–16 kHz by means of pure-tone audiometry. Further-
more, subjects performed the adaptive categorical loudness scaling
(ACALOS) procedure (Brand and Hohmann, 2002). These tests
were carried out for the left and right ears separately, but because
no notable differences were found results were averaged over
both ears.
To characterize the participants’ self-reported complaints, all
subjects ﬁlled out the 14-item hyperacusis questionnaire, relating
to the attentional, social, and emotional aspects of auditory hyper-
sensitivity (Khalfa et al., 2002). In addition, all subjects completed
the 27-item short symptom checklist that screens for psychiatric
symptoms in patients with somatic complaints, and that contains
subscales for symptoms of depression, dysthymia, vegetativeness,
agoraphobia, sociophobia, andmistrust (Hardt andGerbershagen,
2001). The tinnitus patients also ﬁlled out questionnaires related
to their tinnitus, including theTinnitusHandicap Inventory (THI)
that measures tinnitus severity in daily life (Newman et al., 1996),
the Tinnitus Reaction Questionnaire (TRQ) that assesses the psy-
chological distress associated with tinnitus (Wilson et al., 1991),
and the Tinnitus Coping Style Questionnaire (TCSQ) that quan-
tiﬁes effective as well as maladaptive coping strategies (Budd and
Pugh, 1996). All questionnaires were translated into Dutch, and
outcomemeasureswere linearly rescaled to obtain a uniform range
from 0 to 100.
Tinnitus patients were furthermore asked where they perceived
their tinnitus (lateralized toward the left or right ear, or centrally),
and whether it was steady or pulsatile. Finally, all patients per-
formed a modiﬁed tinnitus spectrum test (Noreña et al., 2002;
Roberts et al., 2008). First, some example sounds were played and
they were asked which type of sound resembled their tinnitus best:
a tonal sound (pure tone), or a ringing or hissing sound (ﬁltered
noise with 0.04 or 0.15 octave bandwidths, respectively). Next,
the chosen sound was repeatedly played at several center frequen-
cies, and subjects were asked to indicate the subjective “likeness”
of the presented sound compared to their tinnitus using a visual
analog scale.
IMAGING PARADIGM
During the imaging session, subjects were placed supinely in the
bore of a 3.0-T MR system (Philips Intera, Best, the Nether-
lands), which was equipped with an 8-channel phased-array
(SENSE) transmit/receive head coil. The functional imaging ses-
sion included three 8-min runs, each consisting of a dynamic
series of 40 identical high-resolution T2*-sensitive gradient-echo
echo-planar imaging (EPI) volume acquisitions (TR 12.0 s; TA
2.0 s; TE 22 ms; FA 90◦; matrix 128 × 128 × 40; resolution
1.5 mm × 1.5 mm × 1.5 mm; interleaved slice order, no slice gap).
A sparse, clustered-volume sequence was employed to avoid inter-
ference from acoustic scanner noise (Edmister et al., 1999; Hall
et al., 1999). The acquisition volume was positioned in an oblique
axial orientation, tilted forward parallel to the Sylvian ﬁssure, and
approximately centered on the superior temporal sulci. Additional
preparation scans were used to achieve stable image contrast and
to trigger the start of stimulus delivery, but these were not included
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Table 1 | Comparison of subject characteristics between the two subject groups.
Group Healthy controls (N = 20) Tinnitus patients (N = 20) p
Demographics
Gender 16 female, 4 male 12 female, 8 male ◦
Handedness 17 right, 3 left 19 right, 1 left ◦
Age (years) 33 ± 13 (21–60) 46 ± 11 (26–60) **
Audiometry
Average threshold (dB HL) 5 ± 5 (−1 to 18) 8 ± 5 (0–23) ◦
Loudness range (dB) 98 ± 8 (84–113) 84 ± 14 (56–105) ***
Self-reported symptoms
Hyperacusis (%) 25 ± 14 (8–51) 59 ± 16 (29–82) ***
Depression (%) 8 ± 9 (0–31) 27 ± 27 (0–100) **
Dysthymia (%) 18 ± 14 (0–44) 38 ± 24 (0–75) **
Vegetativeness (%) 9 ± 12 (0–38) 18 ± 16 (0–54) ◦
Agoraphobia (%) 5 ± 8 (0–30) 11 ± 14 (0–55) ◦
Social phobia (%) 20 ± 16 (0–56) 25 ± 23 (0–69) ◦
Mistrust (%) 13 ± 12 (0–44) 18 ± 19 (0–63) ◦
Tinnitus effects
Tinnitus handicap (%) – 43 ± 22 (6–88) –
Tinnitus reaction (%) – 38 ± 21 (0–88) –
Effective coping (%) – 52 ± 14 (17–68) –
Maladaptive coping (%) – 29 ± 15 (3–60) –
Tinnitus percept†
Lateralization – 8 central, 4 right, 2 left –
Dynamics – 16 steady, 3 pulsatile –
Bandwidth – 10 tone, 7 hiss, 2 ring –
Frequency – 16 high, 2 other, 1 low –
For an explanation of the various items, see Section “Subjects” of the Section “Materials and Methods.” Numbers indicate mean ± standard deviation (range). For
ease of interpretation, all questionnaire scales were expressed to range from 0 to 100 (%). The signiﬁcance of group differences was based on Fisher’s exact test
(for gender and handedness) or Student’s t-test (for all other comparisons), and classiﬁed as: ***p < 0.001; **p < 0.01; *p < 0.05; ◦p ≥ 0.05.
†Numbers do not add up to equal the group size because for some patients not all tinnitus characteristics were obtained.
into the analysis. The scanner coolant pump and fan were turned
off during imaging to diminish ambient noise levels.
To control their attentional state, subjects performed an engag-
ing visual/emotional task that comprised 40 trials of 12-s duration
per run (Langers and van Dijk, 2011). During the ﬁrst 5 s of each
trial, a ﬁxation cross was presented on a screen. During the next 5 s,
a picture was shown that was randomly selected out of 300 images
from the International Affective Picture System (Lang et al., 2008).
Subjects were instructed to empathize with the depicted scene,
and decide whether the picture’s affective valence was positive,
negative, or neutral. During the ﬁnal 2 s, coinciding with the EPI
acquisitions, subjects could respond by pressing any of three touch
buttons on a handheld device. Before the scanning session, the task
was clearly explained and demonstrated, and subjects were given
the opportunity to practice.
To exclude that the tinnitus percept might have been masked by
ambient noise during the scanning session, all patients were asked
to rate their tinnitus at variousmoments before, between, and after
the imaging runs on a scale from 0 to 10, where 0 signiﬁed that the
tinnitus was absent and 10 signiﬁed that the tinnitus was maximal.
Responses varied but never equaled 0 (the lowest rating encoun-
tered was 2) and also never systematically decreased during the
session (contrariwise, according to some subjects it systematically
increased due to accruing fatigue and stress).
SOUND STIMULI
During the functional runs, sound was presented by means of
MR-compatible electrodynamic headphones (MRConfonGmbH,
Magdeburg, Germany; Baumgart et al., 1998) that were connected
to a standard PC with soundcard. Underneath the headset, sub-
jects wore foam ear plugs to further dampen the acoustic noise
produced by the scanner. Subjects were informed beforehand that
the presented sound stimuli were irrelevant for the purpose of the
visual/emotional task. During the ﬁrst 10 s of each trial, while
the MR-scanner was inactive, a sequence of 50 identical 100-ms
tone stimuli was presented at a rate of 5 Hz. The fundamental
frequency f0 of the tones remained the same within a trial, and
equaled f0 = 0.25, 0.50, 1.00, 2.00, 4.00, or 8.00 kHz. On top
Frontiers in Systems Neuroscience www.frontiersin.org February 2012 | Volume 6 | Article 2 | 3
“fnsys-06-00002” — 2012/1/31 — 14:58 — page 4 — #4
Langers et al. Tonotopy in tinnitus
of a constant fundamental, each tone stimulus contained a ﬁrst
overtone that quickly decayed with an e-folding time τ = 25 ms.
A windowing function A(t) was used to impose 5-ms linear rise
and fall times. The corresponding waveform w(t) is given by the
equation w(t) = A(t) · [sin(2π · f0 · t)+ 1/2 ·e−t/τ · sin(2π ·2f0 · t)].
An additional silent waveform [w(t) = 0] was included in the set
of stimuli.
All waveforms were digitized and saved as 16-bit 44.1-kHz data
ﬁles, scaled at two levels that differed by a factor 10 in ampli-
tude. As a result, the louder set of stimuli was precisely 20 dB
louder than the softer set of stimuli. The stimuli were played at the
same level for all subjects; the corresponding audible intensities
were calibrated in a separate session, by determining audiometric
thresholds to the presented tone stimuli inside the scanner envi-
ronment, and comparing those to the corresponding standard
audiometric thresholds. For example: if the loud 2-kHz stimulus
needed to be attenuated by 40 dB to reach the threshold for that
stimulus as determined inside the scanner, and if the standard
audiometric threshold at 2 kHz was 5 dB HL, then the loud 2-kHz
stimulus was inferred to have been presented at 45 dB HL, and the
corresponding soft stimulus at 25 dB HL.
The stimulus frequencies and intensity levels were randomly
varied across trials, in an order that differed across runs and
subjects, and that was unrelated to the affective valence of the
task-related pictures.
DATA ANALYSIS
During data processing, we used Matlab (The MathWorks Inc.,
Natick, MA, USA), supplemented with processing routines from
the SPM8b software package (Wellcome Department of Imaging
Neuroscience, http://www.ﬁl.ion.ucl.ac.uk/spm/).
Contrast differences between odd and even slices due to the
interleaved slice order were eliminated by interpolating between
pairs of adjacent slices, shifting the imaging grid over half the slice
thickness. Next, the functional imaging volumes were corrected
for motion effects using 3-D rigid body transformations. The
anatomical images were coregistered to the functional volumes,
and all images were normalized into Montreal Neurological Insti-
tute (MNI) stereotaxic space. Images were moderately smoothed
using an isotropic 5-mm full-width at half-maximum Gaussian
kernel, and resampled to a 2-mm isotropic resolution. A log-
arithmic transformation was carried out in order to naturally
express all derived voxel signal measures in units of percent-
age signal change relative to the mean. (Given the small relative
magnitude of the hemodynamic signal, a truncated Taylor series
expansion of the transformed signal sˆ(t) = 100·ln(s(t)) gives rise
to sˆ(t) = 100·s(t)/S, indicating that the absolute signal change
in sˆ(t) equals the relative signal change in s(t) expressed as a
percentage of its mean S.)
Mass-univariate general linear regression models (GLMs) were
constructed and assessed for each subject, including: (i) two
regressors modeling the reported affective valences (positive or
negative, relative to neutral); (ii) twelve regressors modeling the
sound stimulus conditions (6 frequencies × 2 intensity levels,
relative to silence); (iii) translation and rotation parameters in
the x-, y- and z-direction, modeling residual motion effects; and
(iv) a third-degree polynomial for each run, modeling baseline
and drift effects. The estimated sound-evoked response ampli-
tudes were entered into a group-level mixed effects analysis. On
a voxel-by-voxel basis, the signiﬁcance of the response to sound
was assessed by means of an omnibus F-test, including the coef-
ﬁcients of all 12 sound-related regressors equally. A region of
interest (ROI) was deﬁned comprising the supra-threshold vox-
els. The 7517 voxels (i.e., 60 cm3) that remained formed two
coherent clusters of approximately equal size, located bilaterally
in the superior temporal lobes that contain auditory cortex (see
Results). For every subject and for all six stimulus frequencies, the
activation levels of these voxels in response to stimuli of a uniform
intensity level of 40 dB HL were estimated by linearly interpo-
lating the sound-evoked activity between the two intensities that
were presented. The resulting activation levels were collected in
an aggregate 300680 × 6 matrix B (40 subjects × 7517 voxels, 6
frequencies).
From this aggregate activation matrix, two principal compo-
nents were extracted. Thus, B = x1 ⊗ f1 + x2 ⊗ f2 + , where
x1 and x2 are 300680-element vectors containing spatial response
maps (masked by the ROI and aggregated across subjects), f1 and
f2 are 6-element vectors containing the corresponding frequency
response proﬁles, and  is a matrix containing the residuals that
were minimized in least-squares sense. Because the magnitude
of the outer products in the decomposition are well-deﬁned, but
the magnitudes of the maps or proﬁles individually are not, the
frequency response proﬁles f1 and f2 were constrained to unit root-
mean-square amplitude. As a result, the spatial response maps x1
and x2 are expressed in common fMRI units of percentage sig-
nal change. The aggregate spatial response maps x1 and x2 were
partitioned into 40 maps corresponding with individual subjects.
From these, average maps were computed for each of the two
subject groups.
For the purpose of bootstrap permutation testing, all 40 sub-
jects were repeatedly subdivided into two random subgroups of
20 subjects each, and analyzed. On the basis of 1000 such repeti-
tions, null-distributions were derived that were used to estimate
the statistical signiﬁcance of any differences between the groups of
healthy controls and tinnitus patients.
RESULTS
SUBJECTS
Figure 1A displays the subjects’ hearing thresholds as a func-
tion of frequency. Except above 8 kHz, where some hearing loss
occurred, average thresholds were normal. Subject groups were
well matched with regard to hearing loss. At all frequencies except
4 kHz, the thresholds did not signiﬁcantly differ; only at 4 kHz,
the patients’ thresholds were worse by 7 dB on average (nominal
p = 0.003). Table 1 includes the mean thresholds across all fre-
quencies at which stimuli were presented in this study, i.e., the
octave frequencies from 0.25 to 8.00 kHz. These did not differ
signiﬁcantly between groups. It also lists the dynamic intensity
range that corresponded with a loudness ranging from the mini-
mum to the maximum score according to the ACALOS test (i.e.,
0–50, corresponding with labels “inaudible” to “too loud”). The
intensity range was signiﬁcantly reduced in tinnitus patients, indi-
cating a diminished tolerance for loud sounds. This ﬁnding was
conﬁrmed by the hyperacusis questionnaire, which also revealed
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FIGURE 1 | (A) Hearing thresholds were measured at frequencies from 0.25
to 16.00 kHz. Results were averaged over both ears, and shown by means
of boxplots (showing inter-quartile ranges). Stimuli were presented at all
octave frequencies from 0.25 to 8.00 kHz at two different intensity levels that
differed by 20 dB. The light gray bars indicate the approximate presentation
levels. In the analysis, the sound-evoked activation levels were interpolated
to a uniform intensity level of 40 dB HL, indicated by the dark gray line.
(B) Patients performed a tinnitus spectrum test in which they indicated the
subjective “likeness” to their tinnitus percept of a range of sound stimuli with
varying center frequencies. The majority of subjects showed high-frequency
tinnitus (solid; likeness increasing with frequency); one subject showed a
low-frequency tinnitus (dashed; likeness decreasing with frequency); two
subjects showed a spectrum that could not be classiﬁed as high- or
low-frequency (dotted; with a peak or a dip at intermediate frequencies).
a signiﬁcantly reduced self-reported tolerance to sound. Accord-
ing to the symptom checklist, patients showed signiﬁcantly more
depressive and dysthymic signs. With respect to the other sub-
scales, the patients also scored worse, but differences remained
insigniﬁcant. With regard to the speciﬁcally tinnitus-related ques-
tionnaires, patients showed a wide range of self-reported levels of
tinnitus complaints, varying from very mild to very severe. The
tinnitus severity according to the THI, the tinnitus-related distress
according to the TRQ, and the maladaptive coping level accord-
ing to the TCSQ were all strongly correlated (pairwise R > 0.85).
The effective coping level according to the TCSQ did not cor-
relate appreciably with any of these three measures (pairwise
|R| < 0.05). Finally, Table 1 tabulates the occurrence of various
tinnitus characteristics. Overall, the tinnitus percept was most
prevalently perceived centrally in the head, steady over time, and
with a high-frequency tone-like character. Figure 1B displays the
obtained tinnitus spectra,which on average showed amonotonous
increase as a function of frequency.
SOUND-EVOKED ACTIVATION
The sound-evoked activation according to a family-wise error
(FWE) corrected group-level omnibus F-test is shown in Figure 2.
Figure 2A shows all signiﬁcant voxels, assessed across all 40 sub-
jects as a group. A minimum cluster size of 100 voxels was imposed
in order to exclude small sub-cortical activation foci. The resulting
two extensive activation clusters in the bilateral auditory cortices
were used as a ROI. In the lower bar plot, the mean activation
levels in this ROI for each of the six frequencies and each of
the two subject groups are plotted. Results were linearly interpo-
lated between the two employed stimulus intensities to estimate
the activation levels that would be obtained at uniform stimulus
intensity levels of 40 dB HL across all frequencies. For instance,
the 2-kHz stimuli were presented at approximately 30 and 50 dB
HL (see Figure 1A), and the two corresponding activations were
therefore averaged; at 4 kHz, however, the presented stimulus
intensities were approximately 26 and 46 dB HL, and therefore the
corresponding activations were weighted at 0.3:0.7. The result-
ing proﬁles showed the largest activation levels below 1 kHz, and
a gradual decline in activation toward the highest frequency of
8 kHz. No systematic differences between controls and patients
were apparent.
Figure 2B shows all locally signiﬁcant differences in activation
between the 20 healthy controls on the one hand and the 20 tin-
nitus patients on the other hand. Results were thresholded at a
conﬁdence level of p < 0.05 (FWE-corrected) and a minimum
cluster size of 20 voxels. One cluster reached signiﬁcance, located
in the most lateral aspect of the Heschl’s gyrus in the left hemi-
sphere, peaking at coordinates (x, y, z) = (−62, 0, 0). The average
response proﬁle of these voxels, shown in the bar plot, showed
relatively weak activation in the controls and relatively strong acti-
vation in the patients. This qualitative difference was found at all
frequencies, but it was quantitatively most prominent for the low
frequencies.
In Figure 3A, the mean activation levels (expressed as a per-
centage signal change, interpolated to 40 dB HL) across all six
stimulus frequencies are mapped for the two subject groups sepa-
rately. Obviously, in both groups the overall activation tended to
decline as the stimulus frequency increased. Additionally, a grad-
ual transition in the activation pattern was visible. At the lowest
frequencies, fMRI activation tended to peak in a region centered
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FIGURE 2 | (A) Overall activation to all sound stimuli in the controls and
patients combined (thresholded at p < 0.05, FWE-corrected, and minimum
cluster size of 100 voxels) occurred in the bilateral auditory cortices. Below
the glass brain display, the bar plot shows the activation to various
frequencies (interpolated to 40 dB HL) for both subject groups separately.
Error bars indicate standard errors of the mean across subjects. (B)Testing for
any differences between groups in the frequency-dependent sound-evoked
activation proﬁle (thresholded at p < 0.05, FWE-corrected, and minimum
cluster size of 20 voxels) revealed one cluster in left lateral Heschl’s gyrus. The
bar plot shows the mean response levels for this subset of voxels.
on lateral Heschl’s gyrus. At the highest frequencies, the activa-
tion cluster appeared to have broken up into two clusters, one on
the rostral bank of medial Heschl’s gyrus, bordering the central
sulcus, and one on its caudal bank, bordering the planum tem-
porale. For intermediate frequencies, intermediate patterns were
observed. These trends occurred similarly in both hemispheres
and in both subject groups.
In order to summarize these activation maps more concisely,
principal component analysis was employed. Figure 3B shows
the ﬁrst (left) and second (right) principal component’s spatial
response maps x1,2 (averaged across the controls or patients sep-
arately), together with their corresponding frequency response
proﬁles f1,2 (which apply to both groups equally). Unsurprisingly,
for the ﬁrst principal component, the spatial map well summa-
rized the typical activation pattern that was already observed in
Figure 3A, and the shape of the frequency proﬁle well resem-
bled the ROI average in Figure 2A. More interestingly, the second
principal component summarized how voxels primarily devi-
ated from that typical behavior. The frequency proﬁle showed
a monotonous and gradual increase from negative values (at low
frequencies) to positive values (at high frequencies). In the spa-
tial map, positive coefﬁcients were encountered bilaterally on the
rostral and caudal banks of medial Heschl’s gyrus, and nega-
tive values were found on its lateral crest. In combination, this
means that the medial endpoints shown in blue tended to respond
more strongly to high-frequency stimuli and less strongly to
low-frequency stimuli, as compared to the average behavior of
all voxels. Contrariwise, in the lateral endpoint shown in red,
responses were stronger in response to low-frequency stimuli
and weaker in response to high-frequency stimuli. This reﬂects
two tonotopic representations on the rostral and caudal banks of
Heschl’s gyrus. Comparing the second component’s spatial maps,
these representations existed in a highly similar form for both
subject groups.
PLACE-FREQUENCY MAPS
Because the frequency proﬁle for an individual voxel, as estimated
by a combination of the proﬁles shown in Figure 3B, depends
on the relative contribution of the ﬁrst and the second principal
component in that voxel (contained in x1 and x2, respectively),
the ratio x2/x1 was calculated for each voxel. Figure 3C illustrates
the shape of various mixtures of frequency proﬁles that may be
obtained for a number of different ratios. The proﬁle shifts from
low to high frequencies as the ratio increases from negative to
positive values. Therefore, the ratio x2/x1 may serve to quantify a
voxel’s frequency tuning, where low/negative values indicate low-
frequency tuning and high/positive values indicate high-frequency
tuning.
Figure 3D displays the resulting ratio map. Qualitatively, the
obtained pattern was very similar to that of the second compo-
nent alone, but results were more pronounced toward the edges of
the cluster, where responses were weakest. Moreover, a secondary
low-frequency endpoint was more clearly found to exist in lateral
planum temporale, posterior to the other low-frequency endpoint
in lateral Heschl’s gyrus. Again, both groups showed highly similar
results overall. Perhaps the most striking difference was observed
in the left lateral Heschl’s gyrus, where the healthy controls showed
highly pronounced low-frequency responses (dark red) whereas
the tinnitus patients showed only moderately pronounced low-
frequency responses (orange red). This is related to the fact that in
this vicinity the ﬁrst component’s spatial map was weaker in the
controls than in the patients (see Figure 3B; further corroborated
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FIGURE 3 | (A) Mean intensity projections of the activation to all sound
stimuli (interpolated to 40 dB HL) in the controls and patients separately. (B) A
principal component decomposition of the frequency-dependent response
proﬁles across all voxels and all subjects resulted in a ﬁrst component that
summarized the general activation levels, and a second component that
reﬂected the frequency-selectivity that differed between voxels. (C) For various
mixtures of the ﬁrst and second principal components’ frequency response
proﬁles, one may obtain response behaviors that range from low- to high-
frequency tuning as the ratio of the coefﬁcients x2/x1 increases from negative
to positive values. (D) Spatial maps of the ratio x2/x1 reveal the tonotopic
organization of the auditory cortices. (E) By color-coding the gradient direction
of the maps in (D), multiple parallel strips of cortex are distinguishable.
by Figure 2B), whereas the second component’s spatial map still
showed similar magnitudes.
Finally, the direction of the gradient in the transverse maps of
Figure 3D is color-coded in Figure 3E. In both hemispheres, a
series of “strips” of auditory cortex could be distinguished, ten-
tatively corresponding with distinct functional ﬁelds in auditory
cortex. Fields were aligned more or less parallel to the axis of
Heschl’s gyrus. On the rostral bank of Heschl’s gyrus, the low-
to-high tonotopic gradient was homogeneously oriented in an
anteromedial direction. Toward the caudal bank of Heschl’s gyrus,
it showed a sharp transition to another homogeneous regionwhere
the gradient was oriented in the posterior direction. Further cau-
dally, on the planum temporale, another gradient reversal was
visible, followed possibly by yet another reversal near the tem-
poroparietal junction. Again, comparable results were obtained
for both groups.
In an effort to elucidate potential differences regarding the
tonotopic organization in the two groups, we plotted the strength
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of the ﬁrst component (x1) versus that of the second compo-
nent (x2) in Figure 4A. Each voxel contributes one data point.
Results are shown separately for the mean maps derived from the
controls (left) and patients (right). In Figure 4B these data were
transformed into a representation where the ratio x2/x1, reﬂect-
ing frequency tuning, was plotted on the horizontal axis, and the
value x1, reﬂecting the overall activation level, was plotted on the
vertical axis. This once more shows that the strongest responses
(i.e., high x1) occurred for voxels that were tuned to the lower
frequencies (i.e., negative x2/x1). Some differences were visible in
the shape of the data cloud of both groups, but the overall distri-
butions were rather similar. To statistically quantify and assess the
differences between both groups, we compared these outcomes
in various ways. First, in Figure 4C, the value x1 (top) and the
ratio x2/x1 (bottom) are plotted for one group versus the other.
In other words, the response level and frequency tuning, respec-
tively, of a particular voxel in one group is compared to that of the
same voxel (i.e., at the same location in stereotaxic space) in the
other group. The resulting scatter plots can both be seen to cluster
along the diagonal. Any difference in excitability or any shift in
frequency tuning would have been visible as a systematic devia-
tion of the data cloud from the diagonal, but apart from stochastic
variations hardly any such deviations were observed. Second, in
Figure 4D we compared the marginal distributions of the scat-
ter plots in Figure 4B by plotting the histograms of the value x1
(top) and the ratio x2/x1 (bottom). These plots also include the
median and the surrounding 95% conﬁdence intervals for these
histograms, obtained by repeatedly sampling 20 random subjects
(dashed lines). The overall shape of the distributions differed lit-
tle, and did not signiﬁcantly differ from that obtained from any
random group. Third, in Figure 4E, we plotted the cumulative
density function (cdf) of the value x1 (top) and the ratio x2/x1
(bottom) for one group versus the other, as is commonly done
in the Kolmogorov–Smirnov test for statistical equality of distri-
butions. If the groups show identical distributions, the result is a
straight line along the diagonal. Again, the bootstrapped median
and 95% conﬁdence interval are shown by dashed lines. The
obtained curves did not signiﬁcantly deviate from the diagonal
anywhere.
In Figure 5A, the second principal component’s spatial map
(x2) is shown for each subject individually. (For individual subjects
we avoided the ratio x2/x1 because it resulted in ill-deﬁned values
for a large abundance of weakly activated voxels due to “division
by zero” divergences when x1 ≈ 0.0.) Per group, subjects were
sorted in order of decreasing Pearson correlation (R) with the
average map over all 40 subjects. In both groups, some subjects
were highly representative of the mean (R > 0.5), whereas some
others were not at all (R ≈ 0.0). Still, the median correlations
(R = 0.44 for controls; R = 0.43 for patients) were substantial and
did not appreciably differ between groups.
Because it is hard to oversee differences between subjects in
these map representations, we reduced the dimensional com-
plexity of the data by projecting them onto a two-dimensional
“feature space” that was obtained by means of principal compo-
nent analysis, thus ensuring that a maximal amount of variance
was retained (a procedure conceptually analogous to multidimen-
sional scaling). InFigure 5B, the loadings of the individual subjects
are plotted. The axes are labeled with images that show several
mixtures of features that are represented in the various directions.
The upward vertical axis, which explains the largest amount of
signal power in the maps, well depicts the typical tonotopic layout
that was already observed in Figure 3B (the downward vertical
axis depicts negative loadings, where high- and low-frequency
endpoints are therefore reversed). The rightward horizontal axis
shows an overall representation of high frequencies (cyan colors)
and the leftward horizontal axis shows an overall representation
of low frequencies (yellow colors). The further from the origin,
the more pronounced these features were represented in individ-
uals. Subjects were typically located in the segments between the
11 o’clock and 2 o’clock positions, and therefore mostly showed a
rather similar tonotopic map, with a slight over- or underrepre-
sentation of higher or lower frequencies. The centroids of the two
groups were located close to each other, especially when compared
with the spread across individuals, indicating that the groups did
not signiﬁcantly differ with respect to these features. Although it
is questionable whether these data can be formally assumed to be
normally distributed, an F-test indeed conﬁrmed that the groups
did not differ signiﬁcantly (p = 0.90).
Finally, to exclude that the obtained outcomes regarding tono-
topic maps were dominated by the (stronger) low-frequency
responses to such a degree that differences in the (weaker) high-
frequency responses were rendered undetectable, we repeated
the principal component decomposition and all subsequently
described statistical analyses on the basis of only the half of the
response data that concerned the 2-, 4-, and 8-kHz stimuli. Again,
none of the tests resulted in signiﬁcant (or nearly signiﬁcant) out-
comes, similarly indicating that the mean tonotopic maps were
highly comparable in both groups.
DISCUSSION
In this study, we determined tonotopic representations in the
bilateral human auditory cortices. The current stimulus and acqui-
sition paradigm was identical to that in a previous publication
(Langers and van Dijk, 2011). There, we reported in more detail
on the current control group only, and demonstrated that the
employed experimental setup may be used to robustly extract
tonotopic maps. For the purpose of the present paper, the subject
group was extended to include tinnitus patients that were matched
with respect to hearing loss. Our goal was to test the hypothesis
that tinnitus results from an abnormal tonotopic organization of
the auditory cortex. We did not ﬁnd supporting evidence for any
such reorganization.
TONOTOPIC MAPPING
In spite of the fact that we well reproduced our previous ﬁndings
in the control group, the analyses that we currently performed
differed from our earlier report in two respects that are worth
noting.
Firstly, instead of detailing the activation in response to the
louder and softer set of sound stimuli separately, we interpolated
our data to uniform intensity levels of 40 dB HL. The reason
for this was that, unlike in our previous report, we currently
did not mean to study the spread of activation that increasingly
occurs at higher intensity levels. Because sound-evoked activation
Frontiers in Systems Neuroscience www.frontiersin.org February 2012 | Volume 6 | Article 2 | 8
“fnsys-06-00002” — 2012/1/31 — 14:58 — page 9 — #9
Langers et al. Tonotopy in tinnitus
FIGURE 4 | (A)The coefﬁcients in the ﬁrst and second components’ spatial
response maps (see Figure 3B) were plotted against each other. Each data
point corresponds with one voxel. The diagonal lines show where the ratio
x2/x1 remains constant. (B)Transforming the representation in (A), the ratio
of the ﬁrst and second components’ coefﬁcients was plotted against the
coefﬁcient of the ﬁrst component. The vertical coordinate of a voxel’s data
point reﬂects its sound-evoked activation level, and the horizontal coordinate
reﬂects its frequency tuning. (C) A plot of the sound-evoked activation level
(top) and frequency tuning (bottom), as quantiﬁed by the value x1 and ratio
x2/x1, respectively, comparing healthy controls and tinnitus patients. (D)The
probability density function (pdf) of the value x1 (top) and ratio x2/x1 (bottom)
is plotted in the form of a histogram. Dashed lines indicate the median and
95% conﬁdence intervals as obtained from a bootstrap procedure. (E)The
corresponding cumulative density function (cdf) in both groups are plotted
against each other. Again, dashed lines indicate the bootstrap median and
95% conﬁdence intervals.
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FIGURE 5 | (A) Individual spatial response maps of the second principal
component x2 for all subjects in the two groups, arranged in order of
decreasing similarity with the mean map of all subjects (as quantiﬁed by
Pearson correlations R). (B)The detailed but complex representations in
(A) were projected onto a two-dimensional feature space that still captured
a maximal amount of variance by means of principal component analysis.
Each subject is represented by a colored symbol at coordinates that reﬂect
the loading on the two features. The axes are labeled with images that
display the spatial response maps corresponding with the dimensions of
the feature space, as are various mixtures along diagonals in between. The
further from the origin, the more pronounced a feature is represented in a
subject.
in primary auditory cortex as measured by fMRI increases more
or less linearly with the stimulus intensity level in normal hear-
ing subjects (Hall et al., 2001; Brechmann et al., 2002; Langers
et al., 2007), the employed interpolation enabled us to largely
account for differences in the presentation level across stimulus
frequencies. We still observed a decline of the overall activation
level as a function of frequency. This may partly be attributed
to the small amount of hearing loss at the highest presentation
frequencies.
Secondly, instead of simply averaging the response data across
subjects for the purpose of principal component decomposi-
tion, we concatenated all data to obtain a single data matrix
(B). The resulting data reduction method has been analogously
incorporated in independent component analyses (Svensén et al.,
2002). In contrast to our previous report, the present approach
does not assume spatial response characteristics (including tono-
topic representations) to be identical across subjects or groups.
Instead, for each principal component, individual spatial response
maps were obtained that were still identically interpretable across
subjects due to the fact that they shared the same frequency
response proﬁle. This allowed us to statistically test for differences
between the two subject groups in a data-driven but unbiased
manner.
GROUP DIFFERENCES
Using a conventional linear regression model, we found signif-
icantly stronger activation in the patients than in the controls
in the vicinity of the low-frequency endpoint of the tonotopic
map in left lateral Heschl’s gyrus (see Figure 2B). Note that the
low-frequency preference of this cortical region does not agree
with the typical high-pitched tinnitus percept. However, the lat-
eral extreme of Heschl’s gyrus has also been proposed to subserve
pitch processing in humans (Patterson et al., 2002; Penagos et al.,
2004; Puschmann et al., 2010). Although high and low pitches
may be processed in different ways (Oxenham et al., 2004) and the
precise role of this area remains obscure (Hall and Plack, 2009;
Barker et al., 2011), this interpretation suggests that the abnor-
mal activity in tinnitus patients may be related to pitch extraction.
Ongoing anomalous activity in such a center can easily be con-
ceived to induce the percept of a continuous tone-like sound. The
observed activity can be argued to result from tinnitus, since the
ongoing presence of a tone-like phantom percept that is generated
lower in the auditory pathway may well induce abnormal activity
in an area that is dedicated to the assessment of pitch. Alterna-
tively, this hyperactivity may be construed to underlie the cause of
tinnitus itself. In either case, one expects elevated activity during
silence in the presence of tinnitus, which would diminish rather
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than enlarge the contrast with the activation that occurs during
the perception of true sound. Yet, at the same time, an intrinsically
hyperexcitable pitch processing center may respond excessively to
true sound as well. The latter effect would be consistent with our
ﬁndings.
Interestingly, due to the superﬁcial location of this area in the
brain, it forms an accessible target for non-invasive therapeutic
interventions. Our ﬁndingmay therefore help explain the reported
success of some recently developed transcranial magnetic stimula-
tion (TMS) therapies that target left auditory cortex (Burger et al.,
2011; Chung et al., 2012).
Hyperexcitability might also clarify why tinnitus is com-
monly accompanied by hyperacusis (Baguley, 2003; Møller,
2007b). Our patient group showed evidence for hyperacusis,
both objectively in the form of a reduced dynamic range of
audible but tolerable sound intensities, and subjectively on the
basis of self-reported complaints in a hyperacusis questionnaire.
It has been forwarded that hyperacusis forms a confound in
fMRI and abnormal activity levels that are ascribed to tinni-
tus might actually be due to hyperacusis, particularly for the
subcortical auditory nuclei (Gu et al., 2010). In the present
study, we found only limited elevations in cortical sound-evoked
response levels, since activation was not signiﬁcantly different
between groups in most of the auditory cortex. This suggests
that hyperacusis did not play a dominant role, possibly as a
result of the low sound presentation levels that were employed.
However, this equality can also be argued to result from two
opposing effects that happen to cancel each other: an increase
in activation related to hyperacusis (due to hyperexcitability),
and a concomitant decrease in activation due to tinnitus itself
(for instance due to elevated levels of activity during baseline
already). Because we are unable to disentangle these two sub-
tle effects, their possible extent and magnitude presently remains
speculative.
Apart from the aforementioned signiﬁcant focal difference, we
found remarkably few discrepancies between the control subjects
and the tinnitus patients. In particular, the tonotopic maps that
were extracted from both groups looked highly similar at ﬁrst
glance. Various detailed comparisons across voxels (Figure 4)
and across subjects (Figure 5) subsequently indeed conﬁrmed
that any differences that did occur between the two groups
could be completely ascribed to chance. We therefore found no
evidence for macroscopic tonotopic reorganization in tinnitus
patients. In particular, we found no signs of a systematic over-
representation of the moderate to high sound frequencies that
corresponded with the tinnitus pitch itself or its spectral edge.
Nevertheless, a number of practical limitations should be kept
in mind.
LIMITATIONS
A ﬁrst important limitation is that the fact that our data did
not result in the rejection of the null-hypothesis should not be
interpreted as proof that the null-hypothesis is true. If tono-
topic reorganization takes place in a subtle form (for instance
if it induces only a weak shift in the measurable best fre-
quencies, or if it is conﬁned to a small subregion of auditory
cortex only), then the statistical power of our study may have
been inadequate and our methodology insufﬁciently sensitive to
detect it. However, the cortical tonotopic reorganizations that
have been observed in animal studies are far from subtle, as
response characteristics have been found to show changes that
are immediately obvious and that extend over multiple octaves
in the tonotopic map (Stolzberg et al., 2011; Yang et al., 2011).
Although it is difﬁcult to formulate and test a precise alterna-
tive hypothesis that would correspond with these animal data, the
comparison in Figure 3D does not indicate any such large-scale
reorganizations.
Moreover, our analyses were able to detect differences between
the tonotopic organizations in individuals, as becomes clear from
Figure 5. We do not attribute this variability to inaccuracies
in the measurement method alone (i.e., “noise”). Within sub-
jects, the detected tonotopic representations were still organized
into large-scale patterns that exceeded the inherent resolution of
the data. Therefore, we believe that the observed inter-subject
variations reﬂect actual differences in the individual cortical
organization. Then our inability to distinguish between healthy
controls and tinnitus patients on the basis of their tonotopic
organization is not a limitation of our paradigm, but an inher-
ent characteristic of these populations instead. Although perhaps
differences between the means of the two groups might have
turned out signiﬁcant if substantially larger numbers of sub-
jects had been considered, these would then still have been
clinically insigniﬁcant: the macroscopic tonotopic organization
cannot serve as a practical criterion to objectify tinnitus in
individuals.
A second limitation is related to the nature of the measure-
ments that we performed. FunctionalMRI relies on hemodynamic
changes in the volume and oxygenation of the brain’s local blood
supply that occur as a result of variations in the tissue’s metabolic
demand. These variations have been shown to be related to neu-
ronal ﬁring as well as synaptic events like the release and reuptake
of excitatory and inhibitory neurotransmitters (Logothetis et al.,
2001; Logothetis, 2008). However, importantly, fMRI has a limited
temporal and spatial resolution. Functional MRI may be com-
pletely insensitive to the synchronicity of neuronal discharges,
and the measured signal at best forms a correlate of the inte-
grated activity over a large collection of neurons. If tonotopic
reorganization is expressed only as a change in synchronicity
or as a change in the ﬁne-grained distribution of neural activ-
ity across microscopic cortical columns, for instance, then this
will have remained undetected in this study. Other techniques
(like electro- and magnetoencephalography, or electrophysiolog-
ical recordings) may prove sensitive to some of these changes
(Mühlnickel et al., 1998; Wienbruch et al., 2006), but these have so
far been less successful in mapping the detailed cortical tonotopy
in humans either because of their limited ability to distinguish
activity from numerous sites simultaneously or because of their
invasive nature.
A third limitation of this study may be related to the subject
group. We deliberately included tinnitus patients with normal
hearing thresholds over most of the range of audible frequencies
in order to be able to attribute any detectable deviations specif-
ically to the presence of tinnitus but not hearing loss. Although
near-normal hearing is not entirely uncommon, tinnitus patients
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typically show substantially elevated thresholds at moderate fre-
quencies already. Even in tinnitus patients with allegedly normal
hearing thresholds, high-frequency hearing loss may occur that
has been missed due to the fact that standard audiometry often
does not extend beyond 8 kHz. Of particular importance in the
comparison with previous results from animal studies, tinnitus in
animals is often induced by acoustic trauma and can be accom-
panied by hearing loss in excess of 40 dB (Noreña et al., 2003;
Yang et al., 2011). In contrast, for sufﬁciently small damage to
the peripheral hearing organ, the balance between excitation and
inhibition was shown not to change, suggesting that tonotopic
maps are not required to shift under such circumstances (Rajan,
2001). Therefore, this study may inadvertently have considered a
special subgroup in which tonotopic reorganization plays no role
(Barnea et al., 1990), whereas this mechanism may still remain
important in the patient population as a whole. Or, perhaps
tonotopic reorganizations in these patients occurred only in areas
tuned to frequencies beyond 8 kHz, where some hearing loss was
observed, but which exceeded the highest presentation frequency
in this study.
Still, except for a relative lack of hearing loss, this subpop-
ulation of patients is surprisingly typical. This may be argued
for our subjects in particular based on the data in Table 1,
but it has been independently pointed out for a much larger
subject group previously (Sanchez et al., 2005). On average, tin-
nitus patients with normal hearing thresholds are younger (likely
causing better thresholds) and less burdened (likely as a result
of better thresholds) than the tinnitus population as a whole,
but the perceived acoustic attributes of their tinnitus percept
FIGURE 6 | (A) A simpliﬁed diagram showing transmission of acoustic
information from the peripheral to the central auditory system across multiple
parallel channels. The colors represent frequency tuning. (B) After complete
high-frequency hearing loss (top panel), sensory deprivation leads to
permanently reduced activity in the affected channels (symbolized by dotted
lines and open circles). Following homeostatic upregulation (middle panel),
neurons with increased gain (indicated with plusses) respond even to low
levels of spontaneous activity. Alternatively, following tonotopic reorganization
(bottom panel), large numbers of neurons receive input from the
edge-frequency region. (C) In the present study, high-frequency hearing
thresholds were largely normal, suggesting that sufﬁcient hair cells and
neurons in the affected frequency regions remained intact. Homeostatic
upregulation or tonotopic reorganization would then be limited to the
interspersed deprived neurons only, but would still lead to elevated activity or
enhanced synchronicity, respectively, resulting in the presence of a tinnitus
percept.
are remarkably similar. This raises the possibility that perhaps
these patients have a type of hearing loss that conventional
tone-audiometry is insensitive to. For instance, substantial loss
of neurons in the cochlear nerve (especially neurons with high
thresholds and low spontaneous activity) and even loss of inner
hair cells may remain unnoticed if, in contrast to dead regions,
such losses occur sparsely spread across a range of audible fre-
quencies. Alternatively, the plastic changes may have been induced
by temporary hearing loss that later recovered without revert-
ing the tonotopic map back to normal. In conclusion, even
though peripheral damage was not proven in our subject group,
except at extreme frequencies, it is still conceivable that similar
mechanisms may have occurred at the central level, resulting in
tinnitus (Weisz et al., 2006; Kujawa and Liberman, 2009; Schaette
and McAlpine, 2011).
IMPLICATIONS FOR PATHOPHYSIOLOGICAL MODELS
Weconclude by comparing our ﬁndings withmodels that attribute
tinnitus to cortical plasticity, either homeostatic plasticity through
upregulation of central gain or tonotopic plasticity through shifts
in characteristic frequency. Figure 6A shows a highly simpliﬁed
diagram of how sound information is normally transmitted from
the periphery to the auditory cortex along numerous frequency
channels in parallel. Of course, in reality complex signal transfor-
mations take place in several intermediate processing stages that
comprise cross-channel integration of afferent as well as efferent
information, and we do not mean to claim that these cannot play
a role in tinnitus, but for the sake of clarity these intricacies will
be presently overlooked.
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The top panel in Figure 6B illustrates what may happen after
complete loss of hearing at high frequencies. Various channels are
deprived from sensory input and their activity will permanently
drop (indicated by the dotted lines and open circles). This provides
a strong incentive for plasticity to occur, as depicted in the lower
panels. Homeostatic upregulation may reinstate a normal rate of
activity by increasing the gain in the affected channels. The model
predicts that this induces elevated levels of spontaneous activity,
which would be perceived as a high-pitched tinnitus. Alterna-
tively, tonotopic reorganization may entice the high-frequency
channels to start responding to input from the nearest frequency
regions that still retain normal input, i.e., from the edge-frequency
region. Thus, high-frequency regions in the central auditory sys-
tem become massively tuned to a limited amount of sensory input
that originates from a small tonotopic region in the periphery.
This induces enhanced synchronicity across the high-frequency
region, which could be similarly perceived as a high-pitched tin-
nitus. The fact that we found normal tonotopic representations
in tinnitus patients would at ﬁrst sight contradict the model that
involves tonotopic reorganization.
However, our patients showed normal thresholds in much of
the high-frequency range, suggesting that sensory deprivationmay
have been partial, and some fraction of neurons with intact input
may have survived throughout the tonotopic axis. These may
sufﬁce in order to detect the presence of sound (explaining the
normal thresholds), but there would still be loss of input such
that plastic reorganization can occur (explaining the tinnitus).
This situation is schematically depicted in Figure 6C. The model
involving homeostatic upregulation would predict that elevated
levels of spontaneous activity still occur for the deprived subpop-
ulation of neurons, similarly leading to tinnitus as in the condition
with complete loss. The model involving tonotopic reorganiza-
tionmight nowpredict negligible shifts in characteristic frequency,
because neurons can still obtain input from intact nearby chan-
nels. Depending on the scale at which losses are clustered this
might lead to a slightly coarser, more granular representation,
but the macroscopic tonotopic organization would survive. Still,
large numbers of neurons would be excited by a small number
of inputs, thus increasing neural synchronicity, again leading
to tinnitus. Following this argument, even though we exclude
that large-scale macroscopic tonotopic reorganization is required
for tinnitus to arise, our results can still be brought into agree-
ment with a model based on tonotopic reorganization. However,
it should be realized then that abnormalities can be limited to
microscopic dimensions, and the resulting enhanced synchronic-
ity is a more direct correlate of tinnitus than the reorganization
itself.
Finally, we note that our data also showed little evidence for
homeostatic changes in central gain. As far as elevated levels of
excitability were observed, they occurred in low-frequency regions
in the left hemisphere. This is hard to reconcile with the predic-
tion that neural gain would be upregulated in the high-frequency
regions where the tinnitus pitch was found. In contrast, in high
frequency regions, no signiﬁcant elevations in activity were found.
However, for thismodel as well, our ﬁndingsmight be explained to
some degree if the elevation in spontaneous activity would happen
to equal the elevation in evoked activity. Because fMRI is sensi-
tive only to the contrast between these conditions, such an overall
effect might remain unobservable.
CONCLUSION
In conclusion, our ﬁndings strongly suggest that macroscopic
tonotopic reorganization is not required for tinnitus to arise,
at least in patients with normal hearing or mild hearing loss
only. Although this observation can be reconciled with prevail-
ingmodels regarding the pathophysiology of tinnitus in the central
auditory system, it sheds a newand subtle light onhow thesemech-
anisms may naturally take shape. We plan to extend this study to
subjects with hearing loss, both with and without tinnitus, in an
effort to further unravel tinnitus pathophysiology in humans.
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